Abstract-Acute and chronic toxicity of eight agricultural adjuvants (Bond, Kinetic, Plyac, Sylgard 309, and WaterMaxx) to Daphnia pulex were evaluated with 48-h acute lethal concentration estimates (LC50) and a 10-d population growth-rate measurement, the instantaneous rate of increase (r i ). Based on LC50, the order of toxicity was R-11 Ͼ X-77 ϭ Sylgard 309 ϭ Silwet L-77 Ͼ Kinetic Ͼ Bond Ͼ Plyac Ͼ WaterMaxx; all LC50 estimates were higher than the expected environmental concentration (EEC) of 0.79 mg/L, indicating that none of these adjuvants should cause high levels of mortality in wild D. pulex populations. Extinction, defined as negative population growth rate, occurred after exposure to 0.9 mg/L R-11, 13 mg/L X-77, 25 mg/L Kinetic, 28 mg/L Silwet, 18 mg/L Sylgard, 450 mg/L Bond, 610 mg/L Plyac, and 1,600 mg/L WaterMaxx. Concentrations that caused extinction were substantially below the acute LC50 for R-11, Kinetic, Plyac, X-77, and Bond. The noobservable-effects concentration (NOEC) and lowest-observable-effects concentration (LOEC) for the number of offspring per surviving female after exposure to R-11 were 0.5 and 0.75 mg/L, respectively. The NOEC and LOEC for population size after exposure to R-11 were 0.25 and 0.5 mg/L, respectively. Both of these values were lower than the EEC, indicating that R-11 does have the potential to cause damage to D. pulex populations after application at recommended field rates. The wide range of concentrations causing extinction makes it difficult to generalize about the potential impacts that agricultural adjuvants might have on aquatic ecosystems. Therefore, additional studies that examine effects on other nontarget organisms and determine residues in aquatic ecosystems may be warranted.
INTRODUCTION
Agricultural adjuvants are substances that, once added to a pesticide spray tank, modify a pesticide's performance and the physical properties of the spray mixture. Adjuvants are often added to pesticides prior to application [1] , and they are designed to act as wetting agents, spreaders [2] , stickers, emulsifiers, dispersing agents, drift-control agents [3] , foam suppressors, and penetrants.
Some agricultural adjuvants increase pesticide efficacy [4] and modify environmental fate [5] . Results of previous studies have indicated that some of these products are toxic to certain species on their own or they increase the toxicity of pesticides [4, [6] [7] [8] [9] [10] [11] . However, these products are not regulated under the Federal Insecticide, Fungicide, Rodenticide Act (1996) when used as additives to registered pesticides; thus, toxicity data are not required by the U.S. Environmental Protection Agency [12] .
A large body of literature exists concerning the toxicity of nonagricultural surfactants and, in particular, nonylphenol and linear alkylbenzene sulfonate, to various species [13] [14] [15] [16] [17] [18] [19] . Although some agricultural adjuvants contain linear alkylbenzene sulfonate, many do not. Because these agricultural adjuvants are being applied to agricultural ecosystems, along with pesticides, there is the possibility for these products to enter freshwater ecosystems through direct application, runoff, and atmospheric deposition; however, the potential effects on aquatic organisms following these potential routes of exposure have not been thoroughly studied.
The objective of this study was to determine the toxicity of the agricultural adjuvants Bond, Kinetic, Plyac, R-11, Silwet L-77, Sylgard 309, X-77, and Watermaxx to the cladoceran, Daphnia pulex (Leydig). The acute toxicity of these adjuvants was evaluated using traditional 48-h acute lethal concentration estimates and the chronic toxicity was assessed using a 10-d measure of population growth rate, the instantaneous rate of increase [20] .
MATERIALS AND METHODS

Test organisms
Daphnia pulex, obtained from cultures maintained at the Washington State University Research and Extension Center (Puyallup, WA) were reared in reconstituted dilution water (RDW) inside a freestanding environmental chamber set at 25 Ϯ 0.1ЊC, 50% RH, and a 16:8-h light:dark regimen. All RDW used in this study was prepared according to a method modified from a U.S. Environmental Protection Agency protocol [21] resulting in a RDW with pH 7.4 to 7.8, conductivity 260 to 320 S, dissolved oxygen Ͼ8.0 mg/L, and alkalinity of 60 to 70 mg/L, and a hardness of 80 to 100 mg/L. This synthetic freshwater corresponds to a classification of moderately hard.
Daphnia cultures were renewed daily and fed 0.3 ml feeding solution. The feeding solution contained a 1:1 mixture of yeast-cereal leaves-trout chow and the algal species Selenastrum capricornutum that was originally purchased from Charles River (Wilmington, MA, USA).
Adjuvants evaluated
The eight agricultural adjuvants evaluated for this study were Bond, Kinetic, Plyac, R-11, Silwet L-77, Sylgard 309, Table 1 .
Acute toxicity
Adjuvant concentrations were prepared by serial dilution from newly prepared stock solutions in 100 ml RDW. The range of adjuvant concentrations causing an effect on D. pulex was initially determined with 10-fold serial dilutions. Thereafter, 5 to 8 concentrations causing 10 to 90% mortality were examined for each adjuvant. Five third filial generation (F 3 ) neonates (Ͻ24 h old) were transferred into 30-ml plastic cups containing 25 ml of sample solution for each concentration tested. Daphnia were fed 2 h before introduction to the test solutions. Test organisms were kept in environmental chambers set at the same conditions listed above for rearing. The test was static, nonrenewable, and D. pulex mortality was assessed at 48 h. Daphnia were considered dead when there was no movement of the external and thoracic appendages or the heart following gentle prodding with a glass pipette following observation under microscopic magnification. This experiment was replicated five to six times on different days with different generations of D. pulex.
Population growth-rate studies
Effects of the adjuvants on D. pulex population growth rate were determined using a measure called the instantaneous rate of increase (r i ) (Eqn. 1) [22] [23] [24] [25] [26] [27] [28] . The instantaneous rate of growth is a direct measure of population increase and is calculated by the following equation:
where N f is the final number of animals, N o is the initial number of animals, and t is the change in time (number of days the experiment was run). Solving for r i yields a rate of population increase or decline similar to that obtained by the intrinsic rate of increase (r m ) [20] . Positive values of r i indicate a growing population, r i ϭ 0 indicates a stable population, while a negative r i value indicates a population in decline and headed toward extinction. Logarithmically spaced concentrations (5-8) and a control (RDW) were prepared by serial dilution from a fresh stock solution. For each concentration, 10 neonates (Ͻ24 h old) were added to 100 ml of test solution in 296-ml SOLO Ultra Clear plastic cups (Chicago, IL, USA) using a small-bore disposable glass pipette. Following introduction of D. pulex to the cups, 1.0 ml of feeding solution, prepared as previously described, was added to each cup. One milliliter of the feeding solution described above was added to each cup daily. After 10 d of exposure, all cups were removed from the environmental chamber and the number of original adults and their offspring were counted. Day 10 was chosen as the census date because it provided enough time for control populations introduced as neonates to produce multiple broods of progeny [28] . Furthermore, a plot of r i for the control over time indicated that growth rates became stable by day 9 and that running the experiment longer than 10 days provided little additional information (Fig. 1) .
Daphnia were considered dead when there was no movement of the external and thoracic appendages or the heart following gentle prodding with a glass pipette following observation under microscopic magnification. The instantaneous r i for each population was calculated using Equation 1. This experiment was replicated a minimum of three times for each adjuvant. The number of offspring per surviving female for the most toxic compound, R-11, was also determined.
Comparison of toxicity endpoints to the expected environmental concentration
The expected environmental concentration (EEC) is defined as the concentration of pesticide in 15 cm of water after a direct overspray of a forest at the maximum application rate [29] . The recommended application rate of the agricultural adjuvants evaluated in this study is 1,182 g/ha (1 U.S. pint/ acre). Following the procedure outlined by the Canadian Pest Management Regulatory Agency (Ottawa, ON), the approximate EEC for the adjuvants tested was estimated to be 0.79 mg/L. This EEC value was compared with the toxicity endpoints developed in this study.
Statistical analysis
Acute concentration-mortality regressions were estimated by probit analysis [30] using the SAS probit procedure [31] following correction for control mortality using Abbott's formula [32] . Control mortality never exceeded 5%. Differences in toxicity were considered significant when 95% confidence limits did not overlap.
For R-11 only, data on population size (number of individuals at the end of the chronic study) and the number of offspring per surviving female were subjected to ShapiroWilk's test (normality) and Bartlett's test (equal variance). If the data met the requirements of both tests, the no-observableeffects concentration (NOEC) and the lowest-observable-effects concentration (LOEC) were determined using Dunnett's test (1 tail, p ϭ 0.05) [33] .
RESULTS
Acute toxicity
Forty-eight-hour LC50 estimates for each adjuvant are presented in Table 2 . A wide range of sensitivity was exhibited by D. pulex to the adjuvants; R-11 was significantly more toxic than all of the other adjuvants in terms of 48-h LC50. Based on 95% confidence limit overlap, the order of toxicity was R-11 Ͼ X-77 ϭ Sylgard 309 ϭ Silwet L-77 Ͼ Kinetic Ͼ Bond Ͼ Plyac Ͼ WaterMaxx. All of the LC50 estimates were higher than the EEC (0.79 mg/L), indicating that none of these surfactants should cause high levels of mortality in wild D. pulex populations. The slopes of the probit curves differed among the adjuvants. Differences in slopes can indicate differences in modes of action. A comparison of the ratio of the LC50 to the slope indicated that there was no uniform relationship (Table 2) . This is probably due to differences in the mode of action of these compounds and/or differences in uptake and/or excretion.
Population growth-rate effects
A concentration-response relationship was observed between adjuvant exposure concentration and negative population growth rate (Fig. 2) . Concentrations that caused extinction (defined as negative population growth rate) of D. pulex populations are listed in Table 3 . Based on concentrations that caused extinction, R-11 was far more toxic than the other adjuvants. The next most toxic adjuvant was X-77, followed by Sylgard 309, Kinetic, Silwet L-77, Bond, Plyac, and WaterMaxx (Table 3 , Fig. 2) .
Relationship between 48-h acute mortality and extinction
The corresponding 48-h acute lethal concentration estimate where r i becomes negative is presented in Figure 2 . Concentrations that caused extinction were substantially below the acute LC50 for R-11 (ϽLC1), Kinetic (ϽLC1), Plyac (LC5), X-77 (LC10), and Bond (LC15), indicating that irreversible population effects occurred after exposure to concentrations that were acutely nontoxic.
The ratio between the acute 48-h LC50 and extinction concentration is presented in Table 3 . A ratio of one indicates that extinction occurs around the LC50, a ratio greater than one indicates that extinction occurs at concentrations below the LC50, and a ratio less than one indicates that extinction occurs after exposure to a concentration higher than the acute LC50. Only Silwet L-77 had a ratio lower than one, indicating that it took a concentration higher than the LC50 to cause extinction. The remaining surfactants had ratios higher than one. However, Sylgard 309, X-77, and Bond had ratios only slightly higher than one, while that ratio was higher for Kinetic, Plyac, WaterMaxx, and R-11, ranging from 4.4 to 14.7. This is interesting because it indicates that concentrations of these adjuvants below the acute LC50 can cause extinction in D. pulex.
A comparison of the EEC and the adjuvant concentrations that caused extinction indicated that only R-11 caused extinction (0.9 mg/L) near the EEC (0.79 mg/L). The other adjuvants caused extinction at concentrations much higher than the EEC.
The R-11 was much more toxic to D. pulex after chronic exposure compared with acute exposure (Fig. 3) . For example, Fig. 2 . Effects of adjuvants on Daphnia pulex instantaneous rate of increase (r i ). Bars around each mean are standard errors. Lethal concentration (LC) value is the corresponding 48-h acute lethal concentration estimate at the concentration where growth rate becomes negative (extinction). NOEC ϭ no-observable-effect concentration; LOEC ϭ lowest-observable-effect concentration. Chemical manufacturers are listed in Table 1 . 20% mortality occurred after exposure to a concentration 20 times lower in the chronic study compared with the acute study (Fig. 3) .
NOEC and LOEC for R-11
The R-11 data on the number of offspring per surviving female met the requirements of both the Shapiro-Wilk's normality test (p Ͼ 0.01) and Bartlett's equal variance test (p ϭ 0.03). R-11 had a negative effect on D. pulex reproduction, as indicated by the decline in the number of offspring per surviving female (Fig. 4) . The NOEC and LOEC for number of offspring per surviving female were calculated to be 0.5 and 0.75 mg/L, respectively (Fig. 4) .
The R-11 data on population size met the requirements of the Shapiro-Wilk's normality test (p Ͼ 0.01) and Bartlett's equal variance test (p ϭ 0.19). The NOEC and LOEC for population size were 0.25 and 0.5 mg/L, respectively (Fig. 2) .
The LOEC for reproduction and population size were both lower than the EEC of 0.79 mg/L, indicating that R-11 does have the potential to cause damage to D. pulex populations after application at recommended field rates.
DISCUSSION
The mode of action of silicon agricultural adjuvants, at least for insects, is thought to be suffocation [9] . For aquatic invertebrates, the mode of action has not been determined. However, most of the adjuvants we tested caused lethal and sublethal effects. For example, R-11 negatively affected D. pulex reproduction, indicating that a mode of action other than suffocation was occurring. Somehow, R-11 is interfering with the ability to produce offspring, but the actual mechanism by which this occurs was not tested for in this study. However, R-11 contains octylphenols, which are known endocrine disruptors. Jobling et al. [34] showed that octylphenol affects testicular growth and plasma vitellogenin induction in adult male rainbow trout and acts as a xenoestrogen.
A wide range of toxicity was observed for the eight agricultural adjuvants evaluated in this study spanning several orders of magnitude. The R-11 was the most toxic adjuvant based on both 48-h acute mortality and extinction. The order of toxicity of the adjuvants was basically the same for each toxicity endpoint evaluated (acute LC50 or extinction). However, it was important to evaluate toxicity at the population level because sublethal effects were occurring. Populationlevel measurements of toxicity combine both lethal and sublethal effects and therefore a measure of the total toxic effect on a population can be obtained [35] . Forbes and Calow [36] have found that demographic toxicological data are superior to other types of toxicity data and in fact a recent book on the use of different toxicity metrics has been published [37] . The R-11 caused extinction after exposure to 0.9 mg/L, but the LC50 for R-11 was estimated to be 13 mg/L. Thus, R-11 was almost 15 times more toxic than predicted by the acute LC50. Extinction occurred after exposure to concentrations lower than the LC50 for most of the adjuvants tested. Therefore, the LC50 did not give an accurate estimate of total toxic effect for these adjuvants.
In other studies, agricultural adjuvants were found to be toxic to nontarget aquatic organisms. Henry et al. [6] found that X-77, an adjuvant commonly applied with herbicide Rodeo (Monsanto, St. Louis, MO, USA), was much more toxic to aquatic invertebrates than Rodeo. The laboratory-derived 48-h LC50 and 95% confidence limit (CL) for Daphnia magna was 2.0 (1.5-2.7) mg/L. Results of our study indicate that D. pulex (LC50 and 95% CL ϭ 16.4 [15.0-19.2] mg/L) is significantly less susceptible to X-77 than D. magna. Mann and Bidwell [38] investigated the acute toxicity of the agricultural surfactants nonylphenol ethoxylate and alcohol alkoxylate to the tadpoles of four Australian and two exotic frogs. They found that these products produced nonspecific narcosis in all of the species tested.
However, contrary to the two studies mentioned above, the study by Jumel et al. [39] found that the agricultural adjuvant Agral 90 (Imperical Chemical, London, UK; nonylphenol polyethoxylates) actually mitigated the reproductive effects of the herbicide fomesafen in the pond snail, Lymnaea stagnalis. Jumel et al. [39] believe that the adjuvant actually prevented fomesafen from reaching the snails in aquatic mesocosms.
Little data have been generated on the toxicity and environmental concentrations of agricultural adjuvants, and therefore it is difficult to estimate the potential hazard that these products pose to aquatic ecosystems. However, Henry et al. [6] estimated that the highest concentration of X-77 applied to wetlands as a mixture with the herbicide Rodeo would be 0.031 mg/L. This concentration of X-77 was considerably lower than the acute LC50 for D. magna in their study (2 mg/L) and is 387 times lower than the extinction concentration (12 mg/L) of X-77 for D. pulex estimated in our study. However, the persistence of X-77 in aquatic systems and its ability to bioaccumulate is not known.
In our study, we found that R-11 could be present in the environment at concentrations that could cause damage to D. pulex populations. Additional studies, particularly those that examine effects of agricultural adjuvants on other nontarget organisms and determine residues in aquatic systems, may be warranted based on the results obtained in this study.
